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VE6Fi(i5 Eiq^ressed by a Replication-Deficient 
Recombinjant Adenoyirus Vector Induces 
^^i^n^ In Vivo 

Judith MOhlhauser, Marsha J. Merrill, Roberto Pili, Hiroyuki Maeda, Mima Bade, 
Burkhard Bewig, Antonino Passaniti, Nancf A. Edwards, 
Ronald G. Ciystal, Maurizio C Capogrc^i 



Abstract To evaluate the concept that localized deUveiy of 
angiogenic factors via virus-mediated gene transfer may be 
useful in the treatment of ischemic disorders, the replication- 
deficient adenovirus (Ad) vector AdCMV.VEGFi^j (where 
CMV is cytomegalovirus and VEGF is vascular endothelial 
growth factor) containing the cDNA for human VEGF,65, a 
secreted endothelial cell-spedfic angiogenic growth factor, was 
constructed. Human umbilical vein endothelial cells (HU- 
VECs) and rat aorta smooth muscle cells (RASMCs) infected 
with AdCMV.VEGFi65 (5 and 20 plaque-forming units [pfii] 
per cell) demonstrated VEGF mRNA expression and protein 
secretion into the supernatant. Furthermore, the conditioned 
medium from these cells enhanced vascular permeability in 
vivo. In contrast, neither VEGF mRNA nor secreted protein 
was found in uninfected HUVECs or RASMCs or in cells 
infected with the control vector AdCMV.^gal (where 0gal is ^- 
galactosidase). Assessment of starved HUVECs at 14 days 
demonstrated sixfold more cells for AdCMV.VEGF,fi5-tnfected 
HUVECs (20 pfii per cell) than for either infected or unin- 
fected control cells. RASMC proliferation was unaffected by 
infection with AdCMV.VEGFtA,. When plated in 2% serum on 
dishes preooated with reconstituted basement membrane (Ma- 
trigel), HUVECs infected with AdCMV-VEGFj^ (20 pfu per 



cell) differentiated into capillary-like structures. Under similar 
conditions, both uninfected HUVECs and HUVECs infected 
with AdCMV.0gal did not differentiate. To evaluate the ability 
of AdCMV.VEGFiM to function in viyo, either AdCMV. 
VEGF,65 or AdCMV./3gal (2x10" pfii) was resuspended in 0.5 
mL Matrigel and injected subcutaneously into mice. Immuno- 
histochemical staining demonstrated VEGF in the tissues 
surrounding the Mattjgel plugs containing AdCMV.V£GF,6s 
up to 3 weeks after injection, whereas no VEGF was found in 
the control plugs with AdCM V.0gal. Two weeks after injection, 
there was histological evidence of neovascularization in the 
tissues surrounding the Matrigel containing AdCMV.VEGF,fi„ 
whereas no significant angiQgenesis was observed in re^nse 
to AdCMV.0gal. Furthermore, the Matrigel plugs with ; 
AdCMV. VEGF|fi5 demonstrated hemoglobin content fourfold 
higher than the plugs with AdCMV.^gal. Together, these in' 
vitro and in vivo studies are consistent with the concept that y\d 
vectors may provide a useful strategy for efficient local deliveiy 
of VEGF|65 in the treatment of ischemic diseases, (drt Res. 
W5;77:1077.1086.) 

Key Words • angiogenesis • endothelium • gene 
therapy • VEGF • vascular permeability factor 



The treatment of ischemic disorders due to arterial 
occlusion relies on surgical revascularization or 
angioplasty. Hie size of the artery involved, the 
complexity of the arterial lesions that cause the occlu- 
sion, and the general clinical conditions of the patient 
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frequently prevent revascularization of the ischemic 
tissues. Therefore, less invasive approaches need to be 
developed in order to treat patients who are not candi- 
dates for either surgery or angioplasty. Tlie development 
of coUateral circulation is known to improve blood flow 
to ischemic tissues and to alleviate the symptoms due to 
ischemia.^'^ Several growth factors have been shown to 
mduce neovascularization,^*^ and gene transfer of angio- 
genic factors may provide a novel approach to enhance 
collateral blood flow and to relieve ischemia. Recently, 
replication-deficient recombinant Ad vectors have been 
used for gene transfer studies^'^ and appear to have 
several attractive properties.^*^ Ad vectors can transduce 
a variety of tissues, including endothelium,^ myocardi- 
um, '^^-i^ and skeletal muscle cells. Moreover, Ad vec- 
tors appear safe for clinical use, and there are ongoing 
clinical trials with patients with qrstic fibrosis.'^ Thus, Ad 
vectors may be used to transfer the cDNA for angiogenic 
polypeptides into ischemic tissues. To this end, a vector 
that carries the cDNA for VEGF was engineered. 
Endogenous VEGF may have a role in the angiogenic 
response that occurs during ischemia, since endogenous 
VEGF mRNA increases in hypoxic cells in vitro and in 
glioblastoma cells in vh^o near necrotic areas, which are 
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iSctecied Abbrcv^^ ainl Acronyms 

Ad ^knipyinis; 
CMV = cytoiiiiBga!avinis 
HUVEC = human limbfltcal vein endothelial cell 
KLH » kQrhote^Unqwt hempc^^ 
pfii = plaque-fdnning units 
RASMC = rat aortic smooth biusde cell 
VEGF - yasculsur embthelial 

= 54)iomo4<h!on>-3rindblyi-/9i»D-galactopy^ 
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presumably hypoxic.^>^ VEGF is a heparin-binding 
glyooprotein also known as vascular penneability factor. 
VEGF is produced by a varied of tissues, including 
vascular smooth muscle cells^^^'; VEGF binding sites 
are present on endothelial cells, and the autogenic 
action of VEGF, unlike that of other growth foctors, is 
selective for endothelial cells.^^ Alternative splicing of 
the human VEGF gene transcript produces four mRNA 
forms that code for polypeptides of 206, 189, 165, and 
121 amino adds; the 165- and 121-amino acid forms are 
readily secreted, but those with 206 and 189 amino acids 
remain cell-assodated.^'-^^ The human VEGFi^ form 
was used in the present study, since this form has been 
shown to be angiogenic" and to be readify diffusible 
after secretion. The study was designed to determine 
whether endothelial and vascular smooth muscle cells 
infected with the Ad vector that codes for VEGFi^s 
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FiQ 1 . Expression of VEGFies mRNA In HUVECs and RASMCs. 
One day before the beginning of the experiment, cells were 
tnf^ed for 24 hours (see "Materials and Methods'*) either >im\ 
AdCMV.VEGFtes or with AdCMV.^gal, and expression of 
VEGF168 or control actin mRNA was assessed 1, 3, and 7 days 
later. Lanes are as follows: A, uninfected cells; B, cells infected 
with AdCMV.VEGFi63 (5 pfu per cetQ; C, cells infected with 
AdCMV.VEGFiss (20 pfu per cell); and D, cells infected with 
AdCMV.|3gal (20 pfu per cell). 
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Fk32. Expression Of VEGF165 protein by HUVECs and RASMCs. 
Conditioned medium from HUVEC and RASMC cuttures infected 
as In Fig 1 was examined for the presence of VEQFies protein at 
different times after infection. In all dishes, the medium was 
changed 24 hours before the collection of the samples. Lanes 
are as follows: A, uninfected cells; 8. cells infected with AdCMV. 
VEGF,6s (5 pfu p^' cell); C, ceUs infected with AdCMV.VEGFtes 
(20 pfu per celQ; and D, C3lls infected with AdCMV.^gal (20 pfu 
per cell). 



produce a functional protein and whether by this ap- 
proach it is possible to induce endothelial cell differen- 
tiation and/or proliferation in vitro and angiogeilesis in 
vivo. 

Materials and Methods 

Ad Vectors 

The replication-deficient recombinant Ad vector containing 
the cDNA for VEGF,fc5 was engineered according to a tech- 
nique previously described> Briefly, the cDNA for \^GF,65, 
including the signal sequence for secretion,^ was inserted into 
an expression plasmid^ and was under the control, of the 
constitutive CMV immediate-early promoter/enhancer. The 
expression plasmid also contained the Ad 5 sequeiice from 
nucleotide 3384 to nucleotide 5778 (9.24 to 16.05 map units), 
which served as the homologous recombination sequence. The 
plasmid canying the cDNA for VEGF,65 was cotransfected 
with the plasmid pJM17 (from F. Graham, McMaster Unhrer- 
sity, Hamilton, Ontario, Canada) into 293 cells (American 
Type Culture Cbllection, CRL1573). The plasmid pJM17 con- 
tains the full-length Ad 5 DNA (36 kb) and pBRX, a 4.3-kb 
insert placed in the El region, thus exceeding by <^2 kb the 
maximum packaging limit of DNA into the Ad capsid^s 
Homologous recombination between the expression plasmid 
and pJM17 in 293 cells replaced the El region and pBRX 
insert with the expression cassette from the expression plasmid. 
The growth of these El -deleted Ads is limited to 293 cells, a 
human embryonic kidney cell line that has been transformed by 
Ad 5 and expresses the El region in trans. Culture medium for 
the 293 cells was improved minimal essential medium with 10% 
heat-inactivated fetal bovine serum, 2 mmol/L glutamine, 50 
U/mL penicillin, and 50 pig/mL streptomycin (all from Bioflu- 
ids). After cotransfection, individual viral plaques were isolated 
and amplified in 293 cells. The control vector was 
Ad^^^V.^ga], which carries the cDNA for the Escherichia coli 
lacZ gene and codes for the enzyme ^-galactosidase.^ 
AdCMV. VEGF,65 and AdCMV.pgal were propagated in 293 
cells and were purified by CsQ density purification. Subse- 
quently, the preparations were dialyzed and stored m the 
dialysis buffer (10 mmol/L Tris-HQ and 1 mmol/L MgQa, pH 
7.4) with 10% glycerol at -70°C. The titer of each viral stock 
was determined by plaque assay in 293 cells as previously 
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Mnflum alorie j[M 199) rf- 

HilVEC T/toCMy pj^rrr: , . 
HUVEC - AddMYi^p;^- 

Medium alone (DMEM)- 
RASMC-uniiif^^- 
RASMC-AdGMVij^r-' 
RASMC - AdCMV.VEGFies- 




FiQ 3. Effect of conditioned, fnedlurn from 
HUVECs and RAS^Cs m vascutso' p^- 
meabOity as assisssad by the:K^ a^^ 
A, Medium fratn^^ 
RASMCs infei^^*^^^^ 
cmcsed extra^^ 

In contrast, 'ttierej vra^ in- 
crease in permiaabil^^^ 
conditioned^ rnediiim'frii^luf^^ 
AdCMV.j^aHnfected^^c^ 
that had not 'k)eai'tn omtact i^ 
Quantitative assessrnent ' df 
activity of conditiorted . rnedium : i8'!;ex- 
pressed the /^xi0>: (8G» ''Amal 
and Methods"). Results represent six de- 
terminations from two indepaident exper- 
iments. The increase in perm 
to the conditioned nriediiim' from either 
HUVECs or RASMCs infected with AdC- 
MV.VEGFi65 was signlficantty higher than 
for either control group (P<.(M)01 for Ad- 
CMV.VEQF16S vs either uninfected or 
AdCMV.^gal-infected HUVECs and 
RASMCs). 



described,*^ and the titers consistently ranged t)etween SxlO' 
and 2x10" pfu/mL. 

mRNA Isolation and Northern Blot Analysis 

HUVECs and RASMQ infected for 24 hours either with 
AdCNfV.VEGFiu (5 or 20 pfii per cell) or with AdCMV.^gal 
(20 pfii per cell) were examined for the presence of VEGF 
mRNA at 1, 3, and 7 days after completing the infection. RNA 
was isolated according to the method of Chomc^nski and 
Sacchi.^ After isolation, RNA was subjected to electrophoresis 
and transferred to nylon membranes.^' For use as a prolie in 
Northern blot analysis, VEGFi^s insert was labeled in a random 
primer extension reaction and hybridized by using Stratagene 
Quick Hybrid Solution according to manufacturer's 
instructions. 

Western Blot Analysis 

HUVECs and RASMQ were infected as described above. 
For these experiments, the dishes were washed, and fresh 
medium was added 24 hours before the sample collection for 
Western analysis. This approach allowed us to examine the 
production of VEGFi^s over the course of 24 hours at different 
time points after the infection. Polyclonal antibodies to the first 
20 amino adds of mature human VEGF N-terminus were 
prepared as previously described,^^ except the peptide was 
conjugated to a carrier protein, KLH, by 0.2% glutaraldehyde. 
Aliquots of conditioned medium were separated on a 12.5% 
pol)^cfy!amide gel under reducing conditions and transferred 
to nitrocellulose (Schleicher & Schuell). Membranes were 
processed by using ECL detection reagents according to man- 
ufacturer's instructions (Amersham). Anti-VEGF antiserum 
was used at 1:500 dilution. Secondary antibody (donkey anti- 
rabbit IgG, horseradish peroxidase-conjugated, Jackson Re- 
search) was used at 1:5(XX) dilution. 



VEGF Enzyme-linked Immonosorbent Assay 

Enzyme immunoassay for the detection of human VEGF 
was carried out with Cytokit Red VEGF (Cytlmmune Sciences, 
Inc). Supematants of HUVECs infected with either AdCMV. 
VEGF,6s or AdCMV.^gal (20 pfii per cell) were processed 1, 3, 
7, and 17 days after infection. The medium in each dish was 
changed 24 hours t>efore the collection of the supernatant. The 
assay procedure was carried out according to the supplier's 
instructions, and absorbance at 490 nm was determined on a 
plate reader. VEGF concentration was normalized to cell 
number. 

Vascular Penneability Assay 

Conditioned medium obtained from HUVEC and RASMC 
cultures 3 days after infection with AdCMV.VEGF,(u (20 pfii 
per cell) was tested in guinea pigs for its permeability activity in 
a modified Miles assay.^^ The medium contained 2% serum, 
and its effect was compared with the conditioned medium from 
uninfected cells or from cells infected with AdCMV.^gal (20 
pfu per cell). Tlie Evans blue dye was eluted from skin punches 
in formamide and quantified at Pi^ as previously descril>ed.^ 
For the quantitative determination of the permeability 
changes, the values from either medium 199 QSiofluids) or 
DMEM (Biofluids) alone, which had not been previous^ in 
contact with cells, were subtracted from the values obtained 
with conditioned medium from uninfected cells and frx>m both 
AdCMV.^gal- and AdCMV.VEGF^irinfected cells. 

Endothelial and Vascular Smooth Muscle 
Cell Proliferation 

HUVECs and RASMCs (passages 5 to 10) were used for this 
study. HUVECs (Advanced Biotechnology, Inc) were cultured 
in medium 199 supplemented with 20% calf serum (Hydone 
Inc) and 100 /ig/mL endothelial cell growth supplement (Col- 
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Fig 4. Effect of AdCMV.VEQFiss infection on proliferation of 
HUVECs. Endothelial cells infected (20 pfii per ceU) with AdCM- 
V.VEGFt69 or with AdCMV.^gal arid unlnifected control cells were 
cultured fdr 2 weeks (see "Materials and Methods**). A. Repre- 
sentative example of cells expceed to AdCMV.0gal. B, Repre- 
sentative exam^ Panels A 
and B show'celis 2 weeks afto" infection. C, Average HUVEC 
rtumb^ at dllferertt tirn^ after Infection. The results represent 
the average of three experiments. P values for each time point 
refer to AdCMV.VEQF,65 vs either control r'*<.01; tP<.005; 
tP<.05). 



laborative Reseaidi Inc). RASMCs isolated as previously 
described^^ were grown in DMEM supplemented with 10% 
fetal bovine serum (Biofluids). For the. growth assay, 5x10* 
ceUs were seeded in 35-mm Petri dish^ in standard growth 
niedium. Before infection, the gio«^ m^um . tii the dishes 
was substituted with medium without growth supplement and 
with 2% serum. After 24 hours, ceils were tife«ted with 5 or 20 
pfu per cell AdCMV.VEGFifis or AdCMV.^gal; a third group 
of cells was not infected. Eiqposure to the Ad vector lasted 24 
hours; after which, the medium was removed and sutetituted 
either with medium 199 with 10% calf serum (HUVECs) or 
with DMEM with 2% fetal bovine serum (RASMCs). The 
medium in ail dishes was changed every other day, and cells 
were harvested at 48 hours, 96 hours, 1 week, and 2 weeks by 
tiypsin/EDTA (Biofluids) treatment Cell counts were per- 
formed in triplicate by using a Coulter counter (Coulter Corp). 

Endothelial Cell DiffenentiaUon In Vitro 

Endothelial cells plated on plastic in the presence of mito- 
gens and serum proliferate and form a confluent cobblestone 
monolayer. In contrast, endothelial cells plated onto a gel of 
basement membrane proteins (Matrigel) exhibit a low rate of 
DNA synthesis, a high rate of migration and invasion of 
extracellular matrix, and differentiation into multicellular cap- 
illaiy-like structures.^ Hocjvever, in low-serum conditions and 
in the absence of growth factors, endothelial cells on Matrigel 
do not diffierehtiate into a network of capillary-like structures. 
HUVECs in serum-free MCDB131 medium (Qonetics) and 
without growth . supplements were infected either with 
AdCMV.VEGFift, or with AdCMV.pgal (20 pfu per ceU) 48 
hours before trypsinization and replating. Expuosure to the Ad 
vector tasted 24 hours. Another group of cells was not infected 
and was used as a second conuol. HUVECs were harv^cd 48 . 
hours after the inlfection with trypsin/EDTA and plated in 
16-mm wells (8x10* cells per well) previously coated with 
reconstituted basement membrane (Matrigel^ 03 mL per well, 
10 mg/mL) for 1 hour at 3TC^ as previously described.^ After 
24 hours, the cells were fixed in PBS-buffered 10% formalin ' 
containing 2.5% glutaratdehyde. Capillaiy-like structures- 
formed by HUVE& were visualized with aii inverted micro- 
scope (Diaphot), photographed with a Polaroid camera, and 
quantified by optical imaging (Image- 1 analysis system, Uni- 



A.'UnlnfMM^. 



%AdQM\(.pgal 



u ■ 




Fig 5. Effect of AdCMV.VEGFtes infection on 
protfferation of RASMCs. Smooth muscle celte 
infected (20 pfu per cell) either with AdCMV. 
VEGFies or with AdCMV.JSgal and uninfected 
control cells were cultured for 1 week (see 
"Materials and . Methods"). A, Representative 
example of uninfected control cells. B, Repre- 
sentative example of RASMCs Infected with 
AdCMV.^gat. C, Representative example of 
cells infected with AdCMV.VEGF,65. Panels A 
through C show cells at 1 week after infection. 
D, Average RASMC number at different times 
after infection. Results represent the average of 
three experiments. There is no significant dif- 
ference among groups. 




Rq infection on differentiation of 

HUVE(^ BiicfMelial^}C^ (20 pfu per celQ either with 

AdCMV.VEGFif^ brrwttfi^^i^ and unlnf^ed omtrol 

cells were plated on plastic dishes precoated wim^ M and 
grown In the atsserice of senim for 24 hours: Panels show 
represoitattve'examples 1 day after the beginning of the exper- 
iment. A, Uninfected control cells. B* Control ceils infected with 
AdCI^./Sgal. C, Cells infected with MCmyEG^^es- These ceUs 
elongated, established connections with each other/ and formed , 
ia * capillary-like network. In contrast, most uninfected and 
AdCMV.^a^lnfected HUVECs shown In panels A and B pre- 
served a round appearance. D, Quantitative assessment of the . 
percent dish area occupied by endothelial cells and by capillary- 
like stnicturss; Infection with AdCMV.VEGFies caused a signifi- 
cant increase in the capillary network area akK>ve both control 
groups, and infection with AdCMV.0ga) enhanced the capillary, 
network at>ove uninfected control cells 'CP<.0001 vs either of 
the other two groups). Results represent the average of three 
experiments. 

versal Imaging Corp). The surface area occupied by the 
endothelial cells and by the capUlary networic was measured tn . 
eight optical fields for three wells. The percentage of the area ^ 
from triplicate wells was averaged, and the results were ex- 
pressed as the roean±SD from three experiments. 
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Ad-Mediated Gene 

In order to ass^ the effects of Ad-mediated gefiie transfer in 
vivb, either AdCMV.VEGFiH or M(^.p&^ i^^^ 
was resuspended in OS int MatrigeL SubsMjiCTt^^ 
mice (Jackson Laboratories, tor Hartior, Me) were injected 

: suboutaneously, near the abdominal . nudline, : wit^ 
:Matnger<»ntaining either AdCNn/.YEGF,iW 
Additional animals were inje<^ with uninfected ^Ma 
Mice wr^ accbrdmg to four dif^^ 

: establish' ^etl^^^^ Ad vectors resiispended ;in:'M 
the surrounding tissues, mice were injMtiwi eitlief 
gel a)ntainihg AdCMV.pgjal (n=5) or^^ 
The animals were killed 6 days after iiijecdon/ai^ 
plugs were removed and fixed as descn1>edj^^ 
Hal cells. Subsequently, the MaUigeJ; phip'^^^ 
stained with X-gal as previously desmbed,?:and^ 
evidence of blue staining. (2) To.esUiblishltftei^c^ 
transgene expression in vivo, mice were injeS^feitKer^^vith 
Matrigel containing AdCMV.VEGF,65 (n=9);^AdeMV;j^ 
(n=9), or Matrigel alone (n=9). Animals were killed, \^4;the 
Matrigel plugs were removed 3, 7, and 21 days .^er^ini^^o^^ 
Tissue blocks werie immersed in OCT compound 
and rapidly frozen in liquid nitrogen. Tissue blodcs were stored 
at -70" for <1 month. For immunohistochenucal ey^ 
10-^ frozen sections (Microm ciyotome) were ihoimted^ph 
sUanated slides (Digene Diagnostics). Sections were airnined 
for IS ihinutes, and either stored at -70° for ui>;tbjf|^^ 
fbced immediately in ix Hist(k;hbice (Amresooy^!i»nta^^ 
0.1% Triton X-lOp (Sigma Chemical Co) for 12 immUe^ 
they were wkshed with PBS (pH. 7.4), slides were im»t^ 
0.5% hydrogen peronde. in methano to inhibit jend^ero 
peroxidase activity. Anti-VEGF primary rabbit aiititraKlies 
below) were detected by using biotinyiated goat anti-irabbit IgG 
secondary anUbody and the avidin-biotin complex and yisual- 
ized by diaminobenzidine (all detection- reagents 'were^;fr^^ 
Vector Laboratories). Procedures were performed aixprdiiiig tb ' 
package directions, except sections were kept in . blocking 
solution /for at least 45 minutes before the addition of the 
primary antibody, and iiicu with anti-VEGF^or control' 
serum (1:60(K) dilution)' were performed overnight at '4;'^C. 
Sections, were counterstained in hematoxylin. Anti-VEGF an- ' 
tibodies were; produced ;in i^bits as previously described,^^ 
except the peptide was conjugated to a carrier, proteb, KLH, by 
0.2% gtutaraldehyde. Antibodies to KLH alone were also 
raised and used as a negativs control. Antibody spedfidly was 
determined by recognizing human A(£GF pn>Western>blots,^ 
and both anti-KLH and prebleed serum were us^ as negative 
controls to determine background staining. (3)1116 presence of 
newly formed blood vessels was evaluated as previously de- 
scribed3<^ in mice killed 14 days after the injection of the 
Matrigel (n=8 mice for each Ad vector, 4 mice were used in 
each of two separate e^qperiments). The gels were recovered by 
dissection and fixed. Histological sections were stained with 
Masson's trichrome stain and evaluated for the presence of 
neovascularization. The thickness of the stroma surrounding 
the Matrigel was assessed by measuring the distance between 




F(Q 7. AdCMV./3gal resuspended in Matri- 
gel infects the surrounding tissues in vivo. 
Anows show the stroma between the Ma- 
trigel plug (mp) and the abdominal muscle 
(m). A, X-ga)-positive ceils (blue cells) are 
present in the stroma sunx)unding the Ma- 
trigel 6 days after coinjection of Matrigel 
with AdCMV.)3gal. B, No X-gal-positive cells 
are observed after Injection of Matrigel 
alone. It is noteworthy that AdCMV.^gal 
caused thickening of the stroma. Tissue 
samples were stained with X-gal (original 
magnification x50). 
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Rq 8. Expression of human VEGF in the 
tissi» surrounding .the..l^4atrfgel coinjected 
either with AdCMV.VEQFies C, E, Q, and 
H) or with AdCMVi^gal (B. D. and F). m 
indicates abdomina) ; mi^scl^ Specimens 
were analyzed 3 days (A, B, and H), 7 days 
(C, 0, and G), and 21 da^ (E and F) after 
injection. VEGF expression is visu£di»l by 
the thrown color in tfie ceils indicated by tlie 
arrowheads. \^F-posltiye celte are pres- 
ent at 3 days (A),7(&^(C)pahd21 days(E) 
in the tissue surrounding the Matrigel with 
AdCMV.VEGFiss. and the intensity of the 
response is most marked at 7 days (C). In 
contrast, no VEGF-|K)sitlve cells are identi- 
fied in the tissue surrounding the Matrigel 
with AdCMV.iSgal (B. D. and F). When the 
specimen shown in panel C vvas. incubated: 
In the absence of.thia prfmaiy.antibp^ no 
Immunorsadlvity^was observed (Q): When 
the anUyC^er protein wevb used 

as the primary antibody oh' the SfMBCtmian 
shown in panel A; phty the musdes'acquir^ 
a brown. slkin O;;QV Original . nnagnrficafibn^^ 



the surface of the Matrigel and the abdominal muscle in two 
Jdiflferent histological sections from each plug. Ten measure- 
ments were obtained at 50- to 100-/im intervals from each 
histological section, and the 20 measurements from the two 
sections were averaged to express stromal thickness for each 
individual plug. (4) The angiogenic response was quantified by 
the hemoglobin content of the Matrigel plugs^ (n-10 mice for 
each Ad vector; 3 or 4 mice were used in each of three separate 
experiments). 

Statistical Analysis 

The results are presented as mean±SD. Statistical analysis 
was performed by unpaired Student's / test, and a value of 
P^.OS was taken to indicate statistical significance. 

Results 

VEGF Expression in Cells Infected 
With AdCMV.VEGFifis 

Both HUVECs and RASMCs infected with AdCMV. 
VEGFifi5 produced VEGF,6s transcripts (Fig 1). The 
quantity of mRNA produced was higher after infection 
with 20 than with 5 pfu per cell, and exogenous gene 
e}q)ression persisted for the 1-week duration of this 
experiment. It is also apparent that two different VEGF 



transcripts were present and that both transcripts were 
smaller than the native VEGF1&5 mRNA, which^is «»4 
khJ^^ -This is not surprising because the 5' and 3' 
untranslated regions and the polyadenylation signal of 
the VEGFi65 molecule may be significantly longer in the 
case of native VEGF|65 than when our expression cas- 
sette was used for mRNA expression. 

Western analyses of the conditioned medium from 
HUVECs and RASMCs infected with AdCMV. 
VEGFtAs showed that VEGF protein was produced and 
secreted (Fig 2). As in the case of the mRNA, the 
amount of VEGFi^s protein produced was higher after 
infection with 20 than with 5 pfii per cell, and the 
VEGF|65 content in the conditioned medhim, as deter- 
mined by the intensity of the bands in the Western blot, 
was relatively constant up to 1 week. In one experiment, 
we examined the VEGFn^ produced for 2Vi weeks after 
the infection, and we found that VEGFi^s production 
persisted throughout the course of the e^^riment up to 
18 days. VEGFi^s with two different weights was present 
in the conditioned medium from both HUVECs and 
RASMCs (Fig 2). Since the naturally occurring forms of 
nonglycosylated and glycosylated VEGF165 are 19 and 22 



viMT^^ig^ : VTC Eipression With an Adaioviros Vector 1083 




,kD, respectively,*'-^^ the two bands shown in Fig 3 most 
likely represent glycosylated and hbnglycoisyiated 
VEGFjM.2337 TTiis hypothesis is supported ^ the obser- 
vation that the VEGF produced by AdCMy,VEGF,65- 

; infected cells bmds to concanavalln A, a lectin that binds 
glycoproteins (data not shown). In addition, VEGF 
produced by piasmid transfection exhibits the same 
pattern.^ HUVECs and RASMCs that were either not 
infected or infected with AdCMV.jSgal exhibited no 
VEGFiM mRNA (Fig 1), and no VEGFim protein was 
found in their conditioned medium (Fig 2). This is 
expected in the case of HUVECs, since they do not 
normally express VEGF. RASMCs express VEGF»8.>9 
but apparently at a level far below that obtained when 
e3q)ression is virally driven, since no VEGF was observed 
during the short «q[X)sure times used in these «q)eriments. 
The expression of VEGF by AdCMV.VEGFifirinfected 
HUVECs (20 p&i per cell) was quantified by en^e- 
linked immunosorbent assay. The growth factor was al- 
ready produced 1 d^ after infection (7 ng * mL~' • ixlO^ 
cells'' * 24 h'*). Peak VEGF production was adiieved at 3 
and 7 days after infection (22 and 21.7 ng • mL'' • ixlO* 
cells'' * 24 h~\ respectively), and it decreased 17 days after 
infection (65 ng • mL'* • IXIO* cells-' • 24 h"'). In con- 



FiQ 9. Angiogenesis induced by AdCMV.VEGfrtes in vivo. 
M vectors (2x10^^ pfu) were coinjected with 0^ nit 
. Matrigel. and the gel plugs were evaluated 14 days later. 
; A through 0, Coinjection of AdCMV.VEGFies with Matrigel 
caused, a sigrilficant fnoease in yascuiaHty^c^ 
thickness of the stromal rnatrlx surroundirig 'the ge^^ 
' Arrowheads indicate blood vessels, and. rend blood ceUs 
are present within these vascular structure^^E^-CpiriJe^ 
;:tion of AdCMV./3gal with Matrlg^ caused thickening of ■ 
the stromal matrix but failed to induce ah£Hog»h^s in the 
tissues surrouruling the Matrigel. Fi Matrigel^aibne did not i; 
induce angiojgeneslS'and did not affect the' thickri^ 
the stromal matrix surrounding the gel. Cells present 
v/ithin the Matrigel likely r^)resent fibroblasts, since they 
did not stain with antibodie^i against a-smooth muscle 
!^actin (vascular:Smooth muscle cells), against a 160-kD . 
«macrbph^e| plasma membrane, component r:(macra-^.; 
>phages)^. or. agiairist ;the 'integiih 
l:(resulte, not 8howh)/Aj^^ 
p^theiMatHgelVptug (mp> and tifie aMominal*nriu£K^^ 
il^vlvtolbgical sections stained wfth Masson'sftrich^e 




trast, no \'EGF was found in the conditioned medium 
from AdCMV .figal-infected and uninfected HUVEG. \ 

Permeability Ass^' ' ^< .' • X T;':^ 
to determine whether the A/EGF produced after viral 
infection is functional, . we subjected the conditioned; 
media from HUVECs and RASMCs infected with Ad- 
CMV.VEGFiM to the Miles permeability assay. Both 
media markedly enhanced vascular permeabiliQr, indi- 
cating the presence of large amounts of functional 
VEGF (Fig 3). In contrast, the conditioned media from 
HUVECs and RASMCs that were infected with 
AdCMV.^gal or uninfected produced only a minimal 
response. 

HUVEC and RASMC ProliferaUon 

We examined the effect of AdCMV.VEGFitf infection 
on HUVEC and RASMC proliferation in the absence of 
exogenous mitogens. Hie two control groups were rep- 
resented by uninfected cells and cells infected with 
AdCMV.^gal. HUVEC infection with AdCMV. 
VEGFt6s (20 pfu per ceil) led to a progressive increase m 
ceU number over the 2-week course of this e}q)eriment 
(Fig 4). In contrast, both control groups exhibited a 
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Rg 10. Average hemogtobin content of the Matrigel plugs 
containing AdCMV.VEQFies and AdCMV.^gal and uninfected 
control celts. AdCMV.VEQFiss caused a significant inaease In 
hOTtoglottln vs AdCMV.^gal and uninfected control cells* and 
AdCMV.^gal increased the hemoglobin content vs uninfected 
control cells. Results repress the average of 10 gel explants for 
each Ad vector obtained from three separate experiments 
*(*P£.01 vs either of the other two groups). 

progressive decrease in cell number. A different result 
was obtained with RASMCs studied under conditions 
otherwise similar to those used for HUVECs. Over the 
/2-week course of this study, RASMCs infected with 
AdCMV.VEGFt65 exhibited a progressive increase in 
number that was comparable to that observed for the 
two control groups (Fig S). Thus, infection of RASMCs 
with AdCMV.VEGFi65 did not confer them a growth 
advantage over the control groups. These results are in 
agreement with the mitogenic effect of VEGFi^s being 
limited to the endothelium. 

HUVEC Differentiation 

In these experiments, we assessed whether infection 
vrith AdCMV.VEGFi65 could induce differentiation of 
endothelial cells into capillaiy-like structures. HUVECs 
infected with AdCM V. VEGFi^s and plated on Matrigel 
under starving conditions were shown to stretch and 
elongate 4 hours after seeding and formed a stable 
network by 24 hours (Fig 6). In contrast, HUVECs that 
were infected with AdCMV./3gal or were uninfected 
failed to form capillaiy-like structures. 

Ad-Mediated Gene Transfer In Vivo 

AdCMV.VEGFi65 was tested for angiogenesis in vivo 
by using the Matrigel assay. Initially, we established 
whether Ad vectors resuspended in Matrigel could dif- 
fuse out of the gel and infect the surrounding tissues. 
For these studies, mice were kOled 6 days after injection 
of Matrigel containing AdCMV.^gal or Matrigel alone, 
and the Matrigel plugs were stained with X-gal. Fig 7 
shows that under these experimental conditions, X-gal- 
positive cells were found in the stroma surrounding the 
Matrigel. In contrast, no blue ceils were found in the 
tissue surrounding uninfected gel plugs. In other exper- 
iments, the duration of Ad-mediated VEGFtAs gene 
expression in vivo was established. By immunohisto- 
chemical staining, plugs recovered 3 days after coinjec- 



tion of Matrigel and AdGMV.VEGF,65 showed VEGF- 
positive cells m the tissue surrounding the Matrigel (Fig 
8). Staining was most intense at day 7, and only a. few 
cells were immunoreac^e 21 d^ after injectioit Incu- 
bations m the absence of the primaiy antibody showed 
no immunostaining. Incubations with the antibody 
against the carrier protem showed podtiyity in the 
abdominal muscle layer; however, no. positiyity was 
fpund in the tissue surrounding the Matrigel plujgs. Hie 
Matrigel plugs were examin^ histolbgical^ 14 days 
after injection, and angiogenesis was observed m the 
tissues surrounding the Matrigel in response to AdCM- 
V.VEGFiM (Fig 9A through 9D). This effect was asso- 
ciated with mcreased vascularity and tliickecing of the 
stromal matrix surrounding the Matrigel. In contrast, 
AdCMV.0gal resulted in some thickening of the stromal 
matrix surrounding the Matrigel without evidence of 
increased vascularization (Fig 9E), and Matrigel alone 
was not associated with increased stromal thictening or 
angiogenesis (Fig 9F). Stromal thickness was 285±10.4 
^un for uninfected plugs (n=8), 104.3±39.2 /un for 
AdCMV.^gal-infected plugs (n=ll, P^.0001 versus un- 
infected plugs), and 186.0±46.S §im for AdCMV- 
.VEGF,6rinfected plugs (n=13, Ps.OOOl versus both 
uninfected and AdCMV./3gal-infected control plugs). 
Further, the quantitative assessment of angiogenesis 
(Fig 10) demonstrated that the hemoglobin content of 
the Matrigel plugs with AdCMV.VEGF,6s was fourfold 
higher than in the case of the gel explants with 
AdCMV.^gal; A significant increase in hemoglobin con- 
tent was also observed with AdCMV.jSgal-infected ver- 
sus uninfected control plugs. Together, these results 
show that AdCMV.VEGFi6s induces angiogenesis in 
vivo. 

Discussion 

The present study describes the in vitro and in vivo 
effects of AdCMV.VEGFi65, a replication-deficient re- 
combinant Ad vector that carries the cDNA for the 
human form of VEGFi^. Both HUVECs and RASMCs 
infected with AdCMV.VEGFi<6 expressed the mRNA 
for VEGFifis and secreted functional VEGF protein. 
HUVECs infected with AdCMV.VEGF,fi5 proliferated 
and underwent differentiation in vitro in the absence of 
exogenous mitogens. In contrast, both uninfected con- 
trol cells and control cells infected with AdCMV./3gal 
exhibited a progressive decrease in cell number over the 
2-week course of this experiment and failed to form 
capillary-like structures on Matrigel. The growth-pro- 
moting effect of the infection with AdCMV. VEGF,6s was 
limited to HUVECs; RASMQ exposed to the Ad vector 
made VEGF protein but showed no growth advantage 
over the control groups. 

To document whether AdCMV.VEGFifi, can induce 
angiogenesis in vivo, the Ad vector was injected subcu- 
taneously in mice with Matrigel used as a vehicle. Under 
these conditions, the Ad vectors diffused out of the 
Matrigel and infected the surrounding tissues where 
transgene expression occurred. After coinjection of Ma- 
trigel with AdCMV.VEGF|65, peak protein production 
occurred at 1 week, and VEGF was still identifiable in 
the animals' tissues up to 3 weeks after injection. An 
angiogenic response was observed and documented his- 
tologically by increased vascularity of the tissues sur- 
rounding the Matrigel plugs. Furthermore, this effect of 
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AdCMV.VEGFia was associated MA^th a significant in- 
o^ase in the hemc^obin content of the gel explants 
versus both infected and unmfected control; groups. It 
has been previously shown that coinjection of iahgiogenic 
cytokines with. Matrigel elicits ^ neovessel formation 
within the Matrigel.^ Under these conditions, endothe- 
lial cells as well as other cells im^de the Matrigel, and 
new blood vessels are fonned. In contrast, the addition 
of AdCMy;VEGFia to the Matrigel elicited a neovas- 
cular response in the tissues s^^ 
because the Ad vector diffii^ put of'the Matrigel and 
infected cells in the surrounding tissue. It is noteworthy 
that both AdCMV.VEGF,6s and AdGVIV./^ inoease 
the thickness of the stroma surrounding the Matrigel. 
Hie mechanism for this effect has not been addressed. 
However, Ad vectors have been shown to cause an 
inflammatoiy response in vivo,^ and inflammatory cells 
attracted into the tissues under these conditions release 
mitogens that may be responsible for the increased 
stromal thidcness. It is noteworthy that AdCMV.0gal 
enhanced the hemoglobin content of the Matrigel plugs 
versus uninfected control plugs, albeit at a smaller extent 
than AdCMV.VEGFifis. There are two possible explana- 
tions for this response: (1) inflamrnation due to the Ad 
vector may damage preexisting blood vessels and cause 
leakage of red blcKid cells into the surrounding tissue, or 
(2) mitogenic factors released by inflammatoiy cells 
have angiogenic properties and may induce neovascular- 
ization. However, since no new blood vessels were 
apparent in response to AdCMV.^gal, it is likely that 
red blood cell leakage may have been the primary cause ~ 
for the enhanced hemoglobin content due to 
AdCMV.pgal. 

The role of AdCMV.VEGF,6s in die treatment of 
ischemic disorders remains to be determined; however, 
there is evidence that it may have a therapeutic effect It 
has recently been shown that the intra-arterial infusion 
of VEGF enhances revascularization in a rabbit ische- 
mic hindlimb model^ and increases collateral blood flow 
to the ischemic myocardium in dogs.^ These studies 
stq)port the concept that therapeutic angiogenesis may 
become a clinical objective. In this context, gene transfer 
with a replication-deficient Ad vector may provide the 
solution to limit e]qK>sure to VEGFi^s, in concentrations 
suflSdendy high to induce formation of new blood 
vessels, only to those tissues in v/hich neovascularization 
may have a therapeutic effect. Moreover, recent studies 
have shown that Ad vectors infect cardiac muscle cells 
when injected directiy into the myocardium^O'"'***^ or 
into the coronary cirailation,^^ and they can also infect 
skeletal muscle cells. These studies have also shown 
that foreign gene e>q)ression by Ad vectors peaks within 
the first week after intramyocardial delivery, rapidly 
decreases thereafter, and is virtually extinguished in 4 to 
S weeks. This oppaxcnt limitation of Ad vectors may be 
advantageous in the case of AdCMV.VEGFitf, since 
VEGFi65 cDNA expression limited to a few weeks and 
localized to the ischemic tissue may be adequate to 
induce neovascularization without causing the side ef- 
fects that may result from prolonged e^qx^ure to an 
angiogenic growth factor. 
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